The widely used cyanidation technology is not applicable to some gold ores due to economic or technical reasons when the cyanidation gives very low gold extractions. Despite the fact that the gold mining industry accounts for only 13% of total cyanide consumption there is growing public concern over the use of toxic cyanide for gold extraction. Many researchers have identified that thiosulfate leaching is the most likely alternative to cyanidation due to nontoxicity, low cost and other benefits. This article describes the current information on stoichiometric relationships, equilibria, reaction rates and mechanisms related to anodic or chemical oxidation of gold in thiosulfate, ammoniacal thiosulfate and ammoniacal copper(II) thiosulfate solutions in the presence or absence of oxygen.
Introduction
Since the late 1970's (1), the oxidation of gold by thiosulfate (S 2 O 3 2-) solutions has attracted renewed interest of researchers in the areas of hydrometallurgy, electrochemistry and solution chemistry . This is largely due to the following advantages of thiosulfate systems for leaching and recovery of gold compared to the conventional cyanidation process: (i) fast leaching kinetics (12) , (ii) possibility of separating, concentrating and/or recovering dissolved gold using solvent extraction (7) , anion exchange resins (13) or metal displacement (8) , (iii applicability to gold ores that cannot be treated by the conventional cyanidation process due to high reagent costs and/or low gold recovery (19) , (iv) growing public concern on health, safety and environmental issues over the use of cyanide, especially after the recent accidents caused by failure of gold tailings dams (22) . However, there are issues which need to be addressed and impediments that must be overcome in order to develop a thiosulfate process to plant scale which in turn demands further investigations and a better understanding of the following aspects (21) : (i) the change in speciation during various stages of unit operations which would aid in minimizing the reagent consumption, (ii) the effect of host minerals and their role in consumption of thiosulfate (29, 33) , (iii) the beneficial or detrimental roles of metals such as copper, silver, lead and zinc in gold leaching and recovery (21, 30) , (iv) the effect of particular minerals to adsorb or precipitate gold and/or copper or to affect solution parameters such as Eh and pH which in turn would affect the success of some unit operations (21, 28) , (v) the effect of water quality on leaching and recovery of gold (21) , (vi) ways to remove or decompose some sulfur species which are detrimental to some unit operations used to separate and recover gold, such as the resin-in-pulp process (34), (vii)alternative redox systems which would avoid the use of toxic ammonia and minimise thiosulfate degradation, but maintain the high leaching rates (19, 35, 36) . Recent research activities in this area have focused on understanding the leaching behaviour of different types of ores or concentrates, side reactions of thiosulfate and its degradation products, methods of separating, concentrating and recovering gold, chemical speciation, equilibria, rates and reaction mechanism(s) of gold oxidation . This article reviews some leaching results and the current status with respect to important stoichiometric relationships of chemical reactions, speciation, as well as detailed mechanisms for anodic or chemical oxidation of gold in thiosulfate solutions.
The role of ligands and oxidants in thiosulfate leaching of gold
Selected leaching results
Unlike gold cyanidation, thiosulfate leaching involves relatively high concentrations of reagents, while the gold extraction is largely dependent on the presence or absence of various background reagents. The complexity of thiosulfate leaching of gold is exemplified in Figure 1 (14) . It shows that sulfite, sulfide, sulfate glycine and ethylenediaminetetracetic acid (EDTA) have beneficial effects on gold extraction, compared to standard thiosulfate leaching with 0.03 M copper sulfate, 0.3 M sodium thiosulfate and 3 M ammonia (pH 10.2) in the absence of these additives. The oxidation of thiosulfate by copper(II) and/or oxygen during leaching produces tetrathionate (S 4 O 6 2-), trithionate (S 3 O 6 2-) and sulfate as byproducts and increases thiosulfate consumption under some conditions. Reagents such as EDTA, sodium sulphide, and sodium sulfite lower the thiosulfate consumption (Fig. 1) . While a moderate ammonia concentration up to 4 M is beneficial, a higher concentration of ammonia is detrimental for gold leaching (4) .
As shown in Figure 2 the increase in pH from 9 to 10 is beneficial for gold extraction (12) . However, the increase in pH also causes an increase in thiosulfate consumption as shown in Figure 3 , especially at high thiosulfate dosages (2) . Figure 4 shows the beneficial or detrimental effect of increasing temperature depending on the type of gold ore. The detrimental effect of high temperatures on gold extraction from an oxide ore (83 Au g/t + SiO 2 , K, Na, Al, Mg, Si, AlOOH) has been related to the passivation caused by the reaction between copper(II) and thiosulfate, leading to the formation of copper(II) sulfide (4). The gold extraction from a sulfide concentrate reached a maximum at 60°C (3). However, the gold extraction from a low grade rhyolite ore which contained high grade silver (3 g/t Au, 113 g/t Ag) and MnO 2 was enhanced at a moderate temperature of 40°C (2) . Mechanical activation has been used to improve the extraction of gold and silver from complex sulfide ores by using copper sulfate and ammonium thiosulfate at pH close to 6 and an elevated temperature of 70°C (31, 32) .
Thiosulfate leaching is also sensitive to mineralogy because reactive sulfides consume oxygen and copper(II) while clays may adsorb (preg-rob) copper and gold from leach liquors (21) . The presence of silver, lead and zinc can also affect gold extraction (21, 30) . Figure 5 compares and contrasts the effect of silver grade of the starting material on % gold and silver extraction during thiosulfate leaching and conventional cyanidation of oxide ores (21) . In the case of gold ores of low silver grade (0.3 Ag g/t), thiosulfate leaching resulted low gold and silver extraction compared to cyanidation. However, in the case of gold ores with higher silver grades (2.8-15 Ag g/t), silver extraction with ammoniacal thiosulfate increased with increasing silver content. Although gold extraction also increased with increasing silver content, it remained 5-10% less than that by cyanidation (Fig. 5) .
The concerns due to toxicity of ammonia and high thiosulfate consumption due to reactions with copper(II) have lead to investigations on non-ammoniacal thiosulfate processes. In the absence of added ammonia and copper(II) the thiosulfate leaching of gold has been carried out at high temperatures up to 80°C and at oxygen partial pressures up to 100 psig (19) . For example, a carbonaceous ore of gold grade 9-10 Au g/t contained 81.8% of gold associated with 
Figure 3
Effect of pH and thiosulfate dosage on thiosulfate consumption during gold leaching
Figure 2
Effect of pH on gold extraction from a mild-refractory copper-silver bearing sulphide concentrate (Data from Ref. 12) (19) . The increase in temperature up to 60°C showed a beneficial effect (Fig. 4) . Various additives decreased gold extraction and affected the amount of thiosulfate reacted and tetrathionate and trithionate formed during the 6h leaching period. Some of the results are shown in Figure 6 . In addition to the decrease in gold extraction, Figure 6 also shows the amount of thiosulfate consumed, the amount of tetrathionate and trithionate formed and the quantity ⌬S based on the sulfur balance: (19) . Thus, a recent development includes the precipitation of gold metal from leach liquor by adding ammonium sulphide (34) . Although a low gold recovery of 82-83% was achieved in non-ammoniacal thiosulfate at elevated temperatures and oxygen partial pressures (19) , a recent study has shown the possible application of iron(III)-EDTA-thiosulfate-thiourea as a leaching agent for gold, to achieve a much higher gold extraction (> 90%) under ambient leaching conditions and neutral solutions (pH 6-7) (35) . A fundamental study on the use of iron(III)-oxalate-thiosulfate-thiourea for gold leaching has also been reported (36) .
Figures 1-6 clearly show the complex behaviour of thiosulfate leaching of gold from different ores under different conditions and highlights the importance of fundamental studies for a proper understanding of leaching processes, which in turn would be useful to minimise reagent consumption and maximise gold extraction. Table 1 lists the various stoichiometric relationships for the oxidation of gold by oxygen (R1-R7) or copper(II) (R8-R20) in solutions containing the three ligands ammonia, thiosulfate and hydroxide. The relevant stability constants (␤) of gold(I) complexes defined by the following equations (charge
Stoichiometry and equilibria

Figure 4
Effect of temperature on gold extraction from different material under different conditions 
Figure 6
Effect of additives on non-ammoniacal gold extraction, thiosulfate consumption polythionates formation during leaching of a carbonaceous ore with 0.1 M Na 2 S 2 O 3 , 100 psig O 2 , at pH 11-12, and pulp density 33% over 6h(Ref. 19 ) (Gold extraction in the absence of additives was 82-83%, ⌬S described in text) ignored) and equilibrium constants for overall reactions (K) are also listed in Table 1 :
It is clear that the feasibility of gold dissolution is largely related to the stability of gold(I) and copper(I) complexes produced in each reaction. For example, gold dissolution is not feasible in the absence of ligands to stabilise Au + , respectively, as shown by reactions R7 and R13 in Table 1 . However, the actual concentration of gold(I) in solution will depend on the thermodynamic activity of species involved in each reaction. Table 1 lists the equilibrium concentration of gold (mg/L) calculated from K values assuming unit activity of species and a unit activity ratio of Cu(II)/Cu(I). At such a high activity ratio of Cu(II)/Cu(I), the gold(I) concentration can vary from a low value of 2x10 -21 Table 1 Equilibrium data (␤, K) for gold oxidation at 25°C
Oxidation by oxygen R1. depending on the medium and pH (38) (39) (40) (42) (43) (44) , where: m = 1 or 2 for X = S 2 O 3 2-, p = 2 or 3 and n = 1 or 2 for X = S 2 O 3 2-, and p = 2 or 3, and n = 1 for X = SO 4 2-, S 2 O 5 2-. Likewise, the thiosulfate ion indicated by S 2 O 3 2-in Table 1 can exist in two other forms NaS 2 O 3 -and NH 4 S 2 O 3 -in ammoniacalsodium thiosulfate solutions (45, 46) . Thus, equilibrium calculations related to these systems should consider the following aspects:
(i) activity coefficients of complex ions, ammonia, and ion-pairs, (ii) dependence of stability constants of complex ions and ion-pairs upon the type of medium and ionic strength, (iii) decomposition of copper(II)-thiosulfate complexes leading to thiosulfate degradation (37) (38) (39) (40) , and (iv) disproportionation/decomposition of unstable gold(I) complexes (41, 42, 47, 48) as shown by reaction R21 and the reverse reactions of R2-R6 in Table 1 . Moreover, these fundamental calculations need to be combined with the rates of gold oxidation in order to rationalise the relative effects of various oxidants/ligands.
Rates of gold oxidation
The following methods have been used in recent studies to determine the rates of gold oxidation in ammoniacal thiosulfate solutions:
(i) anodic dissolution of freshly plated gold on quartz using a rotating electrode quartz crystal microbalance (REQCM), where the rate was monitored using the anodic current and/or the loss of mass of plated gold ( 5, 10, 16, 17, 18, 20) , (ii) anodic oxidation of a rotating gold disc, where the rate was measured by monitoring the concentration of gold in solution using atomic absorption spectrophotometry (15), (iii) chemical dissolution of colloidal gold, where the rate was measured by monitoring the concentration of residual colloidal gold using UV-Visible spectrophotometry (25) , and (iv) chemical dissolution of gold powder, where the rates were measured by monitoring the concentration of dissolved gold in solution using atomic absorption spectrophotometry (17) . The first two methods allow the determination of rate per unit surface area but do not consider the effect of changes in surface roughness during reaction. The last two methods allow the rate measurements as a function of initial particle size and take into account the changes in surface area with time during the course of chemical oxidation. However, the analysis of rate of gold dissolution from a gold ore is more complex due to:
(i) the range of shapes and sizes of ore/gold particles, where the gold particles may be completely liberated or embedded in the host minerals, (ii) the simultaneous reaction of oxidants with gold as well as ligands and host minerals, (iii) the change in chemical composition of solution with time due to side reactions, and (iv) the involvement of products from side reactions in gold oxidation. Therefore, a systematic study would need to consider the kinetics of gold oxidation as well as the background reactions. Researchers have made attempts to address some of these issues on a qualitative and quantitative basis. The published rate data for gold oxidation in different lixiviant systems using different methods followed the ascending order given in Table 2 . The rate of anodic oxidation of gold in alkaline sodium thiosulfate solutions increased with increase in concentration of sodium thiosulfate (15) , and was affected by the nature of the cation in the order Na 2 S 2 O 3 < K 2 S 2 O 3 << (NH 4 ) 2 S 2 O 3 (16) . In the case of colloidal gold, the highest % dissolution of 0.1 mM gold (97%) was achieved in the presence of copper(II) and both ammonia and thiosulfate as shown in Table 3 (25) . Likewise, the results based on anodic oxidation (15) and REQCM (16, 20) show that the rate of gold oxidation in thiosulfate solutions is faster in the presence of ammonia. Despite the low stability of gold(I) complexes with ammonia compared to the higher stability of complexes involving thiosulfate (Table 1) , the results in Table 2 clearly show that the oxidation reaction is faster only in the presence of both ligands ammonia and thiosulfate. Thus, it is important to consider the chemical Table 2 Relative rates of gold oxidation in different lixiviant systems (25- 
speciation and reaction mechanism(s) which rationalise the role of thiosulfate, ammonia, and copper(II), as well as the nature of the cation.
Gold(I) speciation
Experiments which produced the results listed in Table 3 involved the oxidation of colloidal gold (0.1 mM) by dissolved oxygen (0.25 mM O 2 ) in the presence of ammonia and/or thiosulfate ligands in solutions maintained at pH 9.5 and 25°C. Some experiments were extended until the gold concentration reached an equilibrium value (25) . Electrode potentials at equilibrium were measured using a gold wire and compared with the predicted values. Thus, gold(I) is unstable in alkaline ammoniacal solutions at 25°C in the absence of thiosulfate ions. It is also unstable in thiosulfate deficient alkaline solutions (42) , leading to the disproportionation of gold(I). The reverse reactions of R2-R6 represent thermodynamically feasible disproportionation/ decomposition reactions of gold(I) in highly alkaline solutions that are deficient in appropriate ligand (especially S 2 O 3 2-) concentration.
Role of ammonia and cations
The role of NH 3 , Na + and K + is to stabilise the intermediate oxidation products of gold during anodic or chemical oxidation. Detailed analysis of literature data for anodic oxidation in non-copper solutions (45, 46) led to the reaction mechanisms shown in Table 4 for non-ammoniacal thiosulfate (R22-R24) and ammoniacal-thiosulfate solutions
Figure 7
Comparison of measured and predicted electrode potentials of Au(I)/Au(0) couple at 25°C (15) in thiosulfate solutions in the absence or presence of ammonia (Ammonia concentration in each experiment is shown in brackets)
Figure 8
Comparison of measured (solid lines) and predicted (dashed lines) electrode potentials of Au(I)/Au(0) couple in ammonia solutions in the absence of thiosulfate at 25°C (15) (Fig. 7) . These facts support the catalytic role of ammonia during anodic oxidation described in Equations R25-R27 in Table 4 .
Role of copper(II)
Recent speciation analysis data showed that copper(II) forms hydroxo complexes such as Cu(OH) + , Cu(OH) 2 0 , and Cu(OH) 3 - in alkaline solutions in the absence of ammonia (42) . As shown in Table 1 the equilibrium Au(S 2 O 3 ) 2 3-concentration in non-ammoniacal solutions (R16) is of the same order as that in ammoniacal solutions (R13). However, the low solubility of copper(II) in alkaline solutions in the absence of ammonia leads to low rates of gold oxidation. Since copper(II) rapidly oxidizes thiosulfate ions in the absence of ammonia (39, 42) , the role of ammonia is largely to stabilize copper(II) in alkaline solutions by forming the complex ion Cu(NH 3 ) 4 2+ , which also leads to higher copper(II) concentrations.
Rate analysis has shown the involvement of Cu(NH 3 ) p (S 2 O 3 ) n -2(n-1) in gold oxidation as well as thiosulfate oxidation (37, 40, 41) . The relevant reactions are represented by R18 (Table 1) and R30-R32 (Table 5 ). Rate analysis has also supported the view that the reaction mechanism for gold oxidation by copper(II) involves the adsorption of both S 2 O 3 2-and Cu(NH 3 ) p (S 2 O 3 ) 0 onto gold surface. This produces the adsorbed complex Au(S 2 O 3 ) 2 Cu(NH 3 ) p 2-(ads) , and is followed by the simultaneous anodic-cathodic reactions where gold(0) is oxidized to gold(I) while copper(II) is reduced to copper(I) (40, 41, 43, 44 Table 4 Reaction mechanisms (40, 45, 46) No. Reaction Table 5 Background reactions of copper(II)/(I)-oxygen-thiosulfate system (2, 4, 27, 28, 40, 43) No. Reaction , 3) , produced in reactions R10-R11, R17-R18 in Table 1 and R29 in Table 4 are re-equilibrated to more stable Cu(S 2 O 3 ) q -(2q-1) complexes (q = 2,3) as shown by the higher equilibrium constants of R12-R13 compared to R11. The oxidation product of thiosulfate formed in Equations R30 and R33 reacts according to Equation R43 in Table 5 .
Role of oxygen
Controlled aeration/oxygenation is beneficial for gold oxidation (1, 11, 17, 25) 0 and thus benefit gold oxidation (R18 in Table 1 ). However, excess oxygen is detrimental to gold oxidation but beneficial for thiosulfate oxidation (11, 17, 18, 25) . This behaviour can be attributed to the decrease in concentration of Cu(NH 3 ) p (S 2 O 3 ) 0 (R37 in Table 5 ) leading to the production of Cu(NH 3 ) p (S 2 O 5 ) 0 , which in turn enhances thiosulfate degradation (R38 in Table 5 ).
For example, Figure 9a shows the measured rate of thiosulfate oxidation by monitoring the decrease in thiosulfate concentration against time in experiments carried out with 0.1 M sodium thiosulfate, 10 mM copper(II) sulfate and 0.4 M ammonia at 30°C (18) . An increase in copper(II) concentration enhances the rate of thiosulfate oxidation (line 4), but an increase in thiosulfate concentration has a negative effect on rate (line 3). The predicted changes in copper(II)/copper(I) reduction potential based on the measured residual copper(II) concentration using UV-Visible spectrophotometry and the Nernst equation (18) Table 5 ) which show that the reduction of copper(II) and oxidation of thiosulfate are interrelated.
Although the increase in oxygen percentage or air sparging rate enhances the rate of thiosulfate oxidation (lines 1 and 2, Figure 9a ), the change in copper(II)/copper(I) potentials is negligibly small (lines 1 and 2 in Figure 9b ). These observations support reactions R36-R38 in Table 5 , which show that the main role of excess oxygen is to degrade thiosulfate, possibly via disulfite (S 2 O 5 2-) ion (38) . Moreover, an increase in thiosulfate concentration seems to slightly retard thiosulfate degradation (line 3 in Figure 9a ) by reversing reaction R37, but the degradation would continue via reaction R32. Other reactions for the oxidation of thiosulfate by copper(II) and/or oxygen are shown by equations R39-R42 in Table 5 , while the degradation of tetrathionate and trithionate is shown by equations R43-R51.
A recent study has revealed several important aspects of the stability of thiosulfate under typical leaching conditions (37) :
(i) in the presence of dissolved oxygen, copper(I) thiosulfate complexes are oxidized at a slower rate than copper(I) diammine complex, (ii) the reaction of copper(II) with thiosulfate is accelerated by dissolved oxygen, but retarded by ammonia, (iii) the faster rate of reduction of copper(II) by thiosulfate compared to slow oxidation of copper(I) by oxygen allows the determination of rate of thiosulfate oxidation using pseudo-steady-state kinetics.
Effect of reagent concentration and host minerals
The concentration of free ligands in a ammoniacal thiosulfate solutions depends on pH, ionic strength and temperature 0 noted in the equations described above.
Like thiosulfate, the sulfate ions also form ion-pairs while hydroxide ions form mixed copper(II)-ammonia-hydroxide complexes (49,50). Thus, it is important to consider the effect of pH and the concentration of various reagents on species distribution and reaction mechanisms via intermediates in order to rationalise the kinetics of thiosulfate degradation and gold leaching (37, 40, 41, 44) . For example, anions such as chloride and sulfate decreases the concentration of copper(II)-ammonia-thiosulfate intermediate(s) due to the competition of these anions to form ion-pairs with ammoniacal copper(II) by replacing thisoulfate and thus retard the thiosulfate degradation (37) . This would also affect the rate of gold oxidation according to equation R28 in Table 4 .
Dissolved gold can re-precipitate in ageing leach liquors due to the deficiency of thiosulfate or due to the presence of other reagents such as sulfite or sulphide, according to the reactions shown in Table 6 . Although thermodynamics predict the formation of Au 2 S, the recent X-ray diffraction analysis has provided evidence for the precipitation of elemental gold (34) . Thus, while reaction R56 is useful for the recovery of gold (34) reactions such as R57 and R58 may explain the decrease in gold extraction in non-ammoniacal thiosulfate leaching in the presence of FeS and Fe(II) shown in Figure 6 . Silver (53) and chloride (20) catalyse the dissolution of gold in thiosulfate solutions. Host minerals can react with → → → → → → → → copper(II) and oxygen and also affect thiosulfate and gold oxidation (11,29,30,33,) (Table 7) . A recent review (54) has described the successful heap leaching processes using thiosulfate and the effect of sulfide minerals on gold extraction. It is important to consider the possible extension of kinetic models for gold leaching (40, 41) to consider the effect of host minerals.
Summary
• Fundamental studies based on equilibria, rates and chemical speciation are vital for the understanding of the role of ligands, oxidants, stoichiometry and reaction mechanism of gold oxidation in thiosulfate solutions.
• Possible reactions of gold(I) thiosulfate (28, 34, 43) Possible reactions of host minerals with copper(II) and oxygen (29) No. Reaction 
